Psoriasis is a chronic inflammatory, immune-mediated skin disease that affects 2% to 3% of the adult U.S. population [@bib1], [@bib2], [@bib3]. Psoriasis is associated with detrimental effects beyond the skin; it significantly reduces the quality of life through emotional and physical complications [@bib4]. Most concerning, multiple studies have demonstrated that psoriasis patients have increased susceptibility to early-onset atherosclerosis and its ensuing complications, including myocardial infarction (MI), stroke, and cardiovascular mortality beyond traditional cardiovascular disease (CVD) risk factors [@bib1], [@bib2], [@bib5], [@bib6]. CVD is the leading cause of mortality in psoriasis, especially in patients with severe psoriasis [@bib7], [@bib8].

The immune response plays a pivotal role in the development of atherosclerosis, with neutrophils playing an important role in plaque progression [@bib9], [@bib10], [@bib11]. Circulating neutrophil frequency is reported to be a potential biomarker of CVD [@bib12], and in inflammatory diseases such as systemic lupus erythematosus (SLE), rheumatoid arthritis, and HIV, neutrophils are associated with accelerated atherogenesis [@bib13], [@bib14], [@bib15]. Circulating neutrophils in psoriasis exhibit an activated phenotype, and the inflammatory neutrophil protein calprotectin (S100A8/A9) is elevated in psoriasis [@bib16]. Moreover, S100A8/A9 is related to vascular disease. Neutrophils are the foremost immune cells to infiltrate the papillary layer and subepidermal zone of the skin before psoriatic lesion formation, which suggests they may be a potential link between early-onset CVD and psoriasis [@bib17]. The distinct subset of neutrophils termed low-density granulocytes (LDGs) are of particular interest. LDGs are neutrophils purified from the less dense peripheral blood mononuclear cell (PBMC) fraction after density gradient centrifugation [@bib18], [@bib19], [@bib20] and are associated with CVD in chronic inflammatory disease states [@bib19], [@bib21]. LDGs have an enhanced capacity to spontaneously form neutrophil extracellular traps (NETs), a cell death process termed NETosis, which is characterized by the extracellular release of chromatin material bound to proteins present in neutrophil granules [@bib22], [@bib23], [@bib24]. However, the stimulus that activates the spontaneous NETosis mechanism in LDGs in inflammatory diseases remains unclear.

Activated platelets have been described to play a role among the various stimuli known to induce NETs [@bib25], [@bib26], [@bib27]. Platelet activation characterized by the expression of platelet activation molecules (e.g., CD36) is associated with atherosclerosis and other inflammatory conditions [@bib25], [@bib26]. Although platelets are involved in NET formation, only a few studies have investigated this in nonchronic inflammatory states [@bib25], [@bib26]. Furthermore, when spontaneous NETosis occurred at a higher frequency in a small preliminary study, it was not studied, but the reason may be related, in part, to unexplored neutrophil−platelet interactions [@bib28].

In the present study, we aimed to characterized LDGs and normal-density granulocytes (NDGs) in psoriasis. Our goal was to understand the potential relationship between neutrophil subsets and the presence of early coronary artery disease in humans with psoriasis. We hypothesized that LDGs would be associated with psoriasis skin disease severity and early noncalcified coronary plaque burden (NCB) as assessed by coronary computed tomography angiography (CCTA). Subsequently, we identified the interaction between LDGs and platelets as a prospective mechanism that stimulated increased LDG NETosis, which resulted in endothelial damage.

Methods {#sec1}
=======

Study population {#sec1.1}
----------------

Study approval for the cohort study was obtained from the Institutional Review Board of the National Heart, Lung, and Blood Institute in accordance with the principles of Declaration of Helsinki. This study reported the baseline visits of patients recruited longitudinally and consecutively into 2 ongoing protocols from January 2013 to May 2017 ([Supplemental Figure 1](#appsec1){ref-type="sec"}). To be included in the study, psoriasis patients were required to have a formal diagnosis of psoriasis confirmed by a health care provider. All patients underwent CCTA to assess coronary plaque burdens, as described previously [@bib29]. Psoriasis skin disease severity was assessed with the psoriasis area and severity index (PASI) score and was measured as published [@bib30]. The PASI score combines the severity of lesions and the area affected into a single score, considering erythema, induration, and desquamation within each lesion. A combination of isolation and flow cytometry was used to determine the frequencies of LDGs and NDGs for each patient. Exclusion criteria for healthy control subjects included a history of systemic inflammatory or vascular disease, active infectious disease, uncontrolled hypertension, and overweight to obese individuals (body mass index \>30 kg/m^2^). In total, 81 psoriasis patients and 36 healthy control subjects were enrolled with comprehensive CCTA data ([Supplemental Figure 1](#appsec1){ref-type="sec"}). Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines were followed for reporting the findings of our observational study [@bib31].

Acquisition of CCTA {#sec1.2}
-------------------

All patients underwent CCTA on the same day as the blood draw, using the same computed tomography scanner (320-detector row Aquilion ONE ViSION, Toshiba, Japan).

Analysis of CCTA {#sec1.3}
----------------

A single, blinded reader (blinded to treatment and time of scan) evaluated coronary plaque characteristics across each of the main coronary arteries at \>2 mm using dedicated software (QAngio CT, Medis Medical Imaging Systems, Leiden, the Netherlands) [@bib32], [@bib33]. Results of the automated contouring were also reviewed on transverse reconstructed cross sections of the artery on a section-by-section basis at 0.5-mm increments. Lumen attenuation was adaptively corrected on an individual scan basis using gradient filters and intensity values within the artery.

Laboratory procedures {#sec1.4}
---------------------

For detailed methods see the [Supplemental Methods](#appsec1){ref-type="sec"} section.

Whole blood processing and immunophenotyping {#sec1.5}
--------------------------------------------

Briefly, lysed whole blood cells or ficoll-separated PBMCs were incubated for 30 min in a 10-color antibody cocktail ([Supplemental Table 1](#appsec1){ref-type="sec"}) and acquired on a BD Biosciences LSRII flow cytometer using DIVA 6.1.2 software (BD Bioscience, San Jose, California). We determined the frequency of LDGs by quantitating the percentage of CD14^lo^CD15^hi^CD10^hi^ cells in the PBMC fraction by flow cytometry and used the complete blood count to determine the frequency of LDGs per microliter.

RNA sequencing analysis {#sec1.6}
-----------------------

Paired NDGs or LDGs (n = 50,000) were isolated from 7 psoriasis patients. We performed quantile normalization and used limma [@bib34] for differential expression analysis to identify genes that were dysregulated between the NDG and LDG subsets, controlling for the individual and batch effects. The false discovery rate (FDR) was used for multiple testing, and significant differentially expressed genes had a FDR ≤0.1 and \|log2(fold change)\| ≥ 1.5. We then identified functions or gene ontologies that were enriched among differentially expressed genes, and FDR ≤0.1 was used to declare significance. All graphical illustrations and RNA-seq analyses were conducted using custom scripts and libraries implemented in R (R Foundation, Vienna, Austria).

Statistical analysis {#sec1.7}
--------------------

Summary statistics were presented as mean ± SD for normally distributed variables, medians and interquartile range were used for non-normally distributed continuous variables, and frequencies were used for categorical variables. Normality was assessed by skewness and kurtosis. Parametric variables were compared between groups using Student's *t*-test, whereas the Mann-Whitney U test was performed for nonparametric variables. Dichotomous variable comparisons were done using Pearson's chi-square test. Unadjusted regression analyses were performed to evaluate for potential relationships between LDG frequency and coronary plaque burden, and regression results were represented as standardized beta-coefficients with p values. We conducted multivariable linear regression analyses to evaluate the association of coronary plaque burden with LDG and NDG frequency. These analyses were adjusted for traditional CVD risk as assessed by the Framingham 10-year risk, body mass index, type 2 diabetes, treatment with statins, and treatment with systemics. Results were presented with 95% confidence intervals, where applicable, and p values \<0.05 were considered statistically significant. Statistical analyses were performed with STATA version 12.0 (StataCorp, College Station, Texas).

Results {#sec2}
=======

Clinical characteristics of study participants {#sec2.1}
----------------------------------------------

We summarized the characteristics of our study population in [Table 1](#tbl1){ref-type="table"}. The study cohort consisted of 81 consecutively recruited psoriasis patients and 36 healthy control subjects for LDG and NDG frequency comparisons ([Table 1](#tbl1){ref-type="table"}, [Supplemental Figure 1](#appsec1){ref-type="sec"}). The psoriasis cohort was middle aged (49.1 ± 12.9 years), with a slight male predominance (64%), and a low CV risk as assessed by Framingham 10-year risk (median: 2; interquartile range: 1 to 4). The median PASI score was 7.4 (interquartile range: 3.4 to 11.8), which was consistent with moderate psoriasis skin disease severity ([Table 1](#tbl1){ref-type="table"}).Table 1Baseline Characteristics of Psoriasis Patients and Healthy Control SubjectsPsoriasis (n = 81)Healthy Control Subjects (n = 36)p ValueDemographic and clinical characteristics Age, yrs49.1 ± 12.933.6 ± 12.6\<0.001[‡](#tbl1fnddagger){ref-type="table-fn"} Males52 (64)22 (61)0.75 Hypertension18 (22)3 (8)0.07 Hyperlipidemia25 (31)5 (14)0.05 Type 2 diabetes7 (9)1 (3)0.25 Body mass index, kg/m^2^28.5 ± 5.224.1 ± 3.1\<0.001[‡](#tbl1fnddagger){ref-type="table-fn"} Current smoker6 (7)2 (6)0.71 Lipid treatment18 (22)1 (3)0.008[†](#tbl1fndagger){ref-type="table-fn"}Clinical and laboratory values Total cholesterol, mg/dl185.3 ± 37.9170.8 ± 31.30.02[∗](#tbl1fnlowast){ref-type="table-fn"} High-density lipoprotein, mg/dl56.6 ± 19.861.3 ± 16.20.11 Low-density lipoprotein, mg/dl105.7 ± 29.191.2 ± 25.90.006[†](#tbl1fndagger){ref-type="table-fn"} Triglycerides, mg/dl101.0 (79.0--142.0)83.5 (72.0--97.5)0.02[∗](#tbl1fnlowast){ref-type="table-fn"} C-reactive protein2.2 (0.9--4.1)0.7 (0.5--1.6)\<0.001[‡](#tbl1fnddagger){ref-type="table-fn"} Framingham risk score2.0 (1.0--4.0)1.0 (1.0--1.0)\<0.001[‡](#tbl1fnddagger){ref-type="table-fn"} Absolute neutrophil count, K/μl3.9 ± 1.23.1 ± 1.2\<0.001[‡](#tbl1fnddagger){ref-type="table-fn"}Psoriasis characteristics Psoriasis area severity index score7.4 (3.4--11.8) Systemic treatment8 (10)Cytokines characterization Tumor necrosis factor-α1.30 (0.85--1.85)1.00 (0.65--1.36)0.045[∗](#tbl1fnlowast){ref-type="table-fn"} Interleukin-61.32 (0.74--2.13)0.70 (0.41--1.07)0.006[†](#tbl1fndagger){ref-type="table-fn"} Interleukin-1β0.13 (0.08--0.16)0.10 (0.04--0.14)0.08[∗](#tbl1fnlowast){ref-type="table-fn"} Interleukin-18390 (307--543)300 (220--449)0.01[∗](#tbl1fnlowast){ref-type="table-fn"} Interleukin-17A1.60 (0.88--2.85)0.73 (0.30--1.03)\<0.001[‡](#tbl1fnddagger){ref-type="table-fn"}Coronary CT angiography Total burden, mm^2^ (×100)1.12 ± 0.430.93 ± 0.27\<0.001[‡](#tbl1fnddagger){ref-type="table-fn"} Noncalcified burden, mm^2^ (×100)1.10 ± 0.430.91 ± 0.27\<0.001[‡](#tbl1fnddagger){ref-type="table-fn"} Dense-calcified burden, mm^2^ (×100)0.006 (0.002--0.023)0.009 (0.004--0.017)0.31[^1][^2][^3][^4][^5][^6]

Circulating LDG counts in psoriasis are associated with psoriasis skin disease severity {#sec2.2}
---------------------------------------------------------------------------------------

Both LDG and NDG subsets were elevated in psoriasis patients compared with healthy control subjects (1.3- and 2.0-fold, respectively) ([Figure 1A](#fig1){ref-type="fig"}). The frequency of circulating LDGs was associated with psoriasis severity (PASI: β = 0.28; p = 0.01), which remained significant after adjustment for body mass index, psoriasis treatment, and absolute neutrophil count (β = 0.26; p = 0.03) ([Figure 1B](#fig1){ref-type="fig"}). However, an association between NDG frequency and psoriasis skin disease severity was not detected (β = −0.006; p = 0.92) ([Figure 1C](#fig1){ref-type="fig"}). We then compared the surface markers of LDGs and NDGs in psoriasis to LDGs and NDGs from healthy control subjects ([Figure 1D](#fig1){ref-type="fig"}) and observed a significant elevation in CD15 in healthy control and psoriasis LDGs compared with both healthy control and psoriasis NDGs. This was concomitant with a reduction in CD11b on psoriasis LDGs and NDGs compared with healthy control NDGs ([Figure 1E](#fig1){ref-type="fig"}). CD62L was significantly downregulated on psoriasis LDGs compared with both psoriasis and healthy control NDGs ([Figure 1E](#fig1){ref-type="fig"}). Increased shedding of CD62L might indicate that psoriasis LDGs were in a higher state of activation compared with NDGs. No change in the surface expression of CD15, CD16, CD11b, or CD62L was observed when comparing LDGs from psoriasis patients with LDGs from healthy control subjects ([Figure 1E](#fig1){ref-type="fig"}).Figure 1LDGs Are Elevated in Psoriasis Patients and Are Associated With Psoriasis Severity**(A)** Normal-density granulocyte (NDG) and low-density granulocyte (LDG) frequencies were determined by flow cytometry and are elevated in psoriasis patients (n = 81) compared with healthy control subjects (n = 36). Data are represented as mean ± SEM. The Mann-Whitney test was performed, and significance was set at \*p \< 0.05\* and \*\*\*p \< 0.001. Regression analyses between **(B)** LDGs but not **(C)** NDGs are associated with the psoriasis area severity index (PASI) score for the psoriasis cohort (n = 81). **(D)** Surface marker expression of NDGs and LDGs was analyzed by flow cytometry and **(E)** showed a significant elevation in CD15 on psoriasis LDGs compared with healthy control and psoriasis NDGs, as well as lower CD11b and CD62L expression on psoriasis LDGs compared with healthy control LDGs. Data are represented as mean ± SEM. Significance was established by 1-way analysis of variance (ANOVA) and a Tukey's multiple comparisons test set at \*p \< 0.05, \*\*\*\*p \< 0.001, and \*\*\*\*p \< 0.0001. MFI = median fluorescence intensity.

NCB in psoriasis associates with LDG counts {#sec2.3}
-------------------------------------------

Evidence of early coronary atherosclerosis in psoriasis patients is driven by an increase in NCB ([Table 1](#tbl1){ref-type="table"}). Moreover, total coronary plaque burden (TB) and NCB within 3 major epicardial coronary arteries were positively associated with LDG frequency (β = 0.18; p = 0.005), which persisted beyond adjustment for traditional CVD risk factors and lipid treatment (TB: β = 0.13; p = 0.026) (NCB: β = 0.13; p = 0.019) ([Figure 2A](#fig2){ref-type="fig"}). Furthermore, no association was observed between NDG frequency and TB, as well as NCB, even when adjusted for traditional risk factors (TB: β = −0.003; p = 0.98; NCB: β = −0.03; p = 0.76) ([Figure 2B](#fig2){ref-type="fig"}).Figure 2LDGs and Their NETs Induce Endothelial Cell Damage**(A)** Psoriasis LDGs but not **(B)** psoriasis NDGs are associated with noncalcified coronary plaque burden (NCB) in psoriasis (n = 81). **(C)** Representative flow cytometry plots from the cytotoxicity assay show **(D)** psoriasis LDGs (n = 7) increase apoptosis of human aortic endothelial cells (HAoECs) compared with psoriasis NDGs (n = 5), an effect abrogated by DNase treatment (n = 4). Data are represented as mean ± SEM. Significance established by a 1-way ANOVA and a Tukey's multiple comparisons test set at \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.0001. **(E)** Cytotoxicity of HAoECs pre-treated with tumor necrosis factor-α and interferon-γ is further increased by LDGs. Data are represented as means ± SEM. Significance established by 1-way ANOVA and a Tukey's multiple comparisons test and set at \*p \< 0.05 and \*\*p \< 0.01. **(F)** HAoECs were incubated for 18 h with NDG neutrophil extracellular trap (NET) associated (n =5) or LDG-NET associated proteins (n =5), and apoptosis was quantified using flow cytometry. Data are represented as mean ± SEM. Significance established by unpaired 2-tailed Student's *t*-test and set at \*\*p \< 0.01. **(G)** Scanning electron microscopy images of the formation of NETs from NDGs and LDGs over time subsequent to purification. CI = confidence interval; T/I = tumor necrosis factor alpha/interferon gamma; other abbreviations as in [Figure 1](#fig1){ref-type="fig"}.

LDGs induce apoptosis in human aortic endothelial cells {#sec2.4}
-------------------------------------------------------

Because psoriasis LDGs were associated with NCB compared with psoriasis NDGs, we hypothesized that LDGs from psoriasis and their NETs would exert enhanced cytotoxic effects on human aortic endothelial cells (HAoECs) compared with psoriasis NDGs. To normalize activation between LDGs and NDGs from psoriasis due to the isolation process, we sorted both LDGs and NDGs following an identical gating strategy ([Supplemental Figure 2](#appsec1){ref-type="sec"}). We then measured the cytotoxic potential of psoriasis LDGs compared with psoriasis NDGs by quantifying the percentage of apoptotic CD146^+^ HAoECs via flow cytometry in a co-culture system ([Figure 2C](#fig2){ref-type="fig"}). LDGs (2:1, LDGs-to-HAoECs) led to an increase in the percentage of apoptotic HAoECs by 1.6-fold compared with the same number of NDGs ([Figure 2D](#fig2){ref-type="fig"}). To further support our hypothesis that HAoEC death might have been due be to LDG-derived NET formation, HAoECs were simultaneously treated with DNase and LDGs. DNase-treated co-cultures led to a 1.5-fold decrease in the percentage of HAoEC deaths comparable with NDGs, which resulted in increased HAoECs in the early apoptotic stage compared with LDGs alone ([Figure 2D](#fig2){ref-type="fig"}). To further mimic the psoriasis-like inflammatory state, HAoECs were pre-treated with tumor necrosis factor-α and interferon-γ, followed by psoriasis LDGs or NDGs [@bib35]. LDGs further increased the percentage of HAoEC death upon activation ([Figure 2E](#fig2){ref-type="fig"}).

We next measured the cytotoxic potential of NETs harvested from psoriasis LDGs and NDGs, which contain NET-associated proteins and fragmented DNA, on HAoECs. Upon treatment of HAoECs with LDG or NDG NETs, normalized to 50 μg of either LDG or NDG NET-associated proteins, we determined that HAoECs treated with LDG NETs showed a 32% reduction in live HAoECs concomitant with a 1.4-fold increase in early apoptotic cells compared with NDG NET-associated proteins ([Figure 2F](#fig2){ref-type="fig"}). No difference was detected in the percentage of dead HAoECs subsequent to LDG and NDG NET treatments ([Figure 2F](#fig2){ref-type="fig"}). This suggested that the mechanism by which LDGs exerted cytotoxic effects might, in part, rely on the cellular interaction between LDGs and HAoECs or intact DNA. To visualize the NETosis process between psoriasis LDGs and NDGs, we acquired scanning electron microscopy images of NET formation over time. Nonstimulated LDGs formed NETs by the 2-h timepoint compared with psoriasis NDGs stimulated with phorbol 12-myristate 13-acetate (PMA), which is an inducer of NETosis. NETs were not observed until 4 h ([Figure 2G](#fig2){ref-type="fig"}). We observed the initial stages of NETosis, characterized by rounding and flattening at 30 min for LDGs and 2 h for NDGs [@bib24].

RNA sequencing of LDGs compared with NDGs reveals upregulation of granule proteins and adhesion molecules {#sec2.5}
---------------------------------------------------------------------------------------------------------

To understand the relationship between psoriasis LDGs and NCB, which is a relationship not observed with psoriasis NDGs, we studied RNA expression between these neutrophil subsets derived from 7 patients with active psoriasis. By comparing the transcriptomes between LDGs and NDGs, we determined that 1,076 ([Supplemental Table 1](#appsec1){ref-type="sec"}) were differentially expressed ([Figure 3A](#fig3){ref-type="fig"}). The volcano plots showed a separation of genes corresponding to NDGs relative to LDGs ([Figure 3B](#fig3){ref-type="fig"}). Functional analyses revealed that gene pathways that were differentially expressed between LDGs and NDGs were clustered in leukocyte activation (p = 1 × 10^−10^; FDR = 3 × 10^−8^) and cell activation (p = 2 × 10^−10^; FDR = 4 × 10^−8^) ([Figure 3C](#fig3){ref-type="fig"}). In addition, the granule proteins were upregulated at the gene level in LDGs ([Figure 3D and 3E](#fig3){ref-type="fig"}), which is a mechanism that typically stops before release from the bone marrow [@bib36]. Transmission electron microscopy further confirmed this finding, demonstrating LDGs had more electron-dense granules that corresponded with primary granules ([Figure 3F](#fig3){ref-type="fig"}) [@bib37]. Concomitant with increased granule proteins, we observed that the adhesion molecules intercellular adhesion molecule-2, integrin subunit alpha M (ITGAM), and integrin alpha subunit L (ITGAL) were upregulated in LDGs ([Figure 3D](#fig3){ref-type="fig"}).Figure 3Granule Proteins and Adhesion Molecules Are Upregulated in LDGs Compared With NDGs at the Gene LevelRNA sequencing analysis was completed on 50,000 LDGs relative to NDGs from psoriasis patients. **(A)** Differentially expressed genes (n = 1,076) were identified between NDGs and LDGs from psoriasis patients (n = 7). NDGs are the reference, as are upregulated genes in LDGs. **(B)** The volcano plot shows clear separation between NDGs and LDGs. The upregulated **(red)** and downregulated **(green)** transcriptomes are NDGs, as LDGs are the reference sample. **(C)** The gene ontology biological process analysis highlighted biological processes that were differentially expressed between NDGs and LDGs. Significance was established by false discovery rate (FDR). **(D)** Granule proteins are upregulated in all patients (n = 7) and when normalized and by **(E)** FPKM values (n = 7). Data are represented as means ± SEM. Significance was established by the unpaired Mann-Whitney Student's *t*-test and set at \*p \< 0.05. **(F)** Transmission electron microscopy images of LDGs and NDGs show LDGs had more electron dense granules. AZU1 = azurocidin 1; CTSG = cathepsin G; ELANE = neutrophil elastase; FPKM = fragments per kilobase of transcripts per million; ICAM2 = intercellular adhesion molecule 2; ITGAL = integrin subunit alpha L; ITGAM = integrin subunit alpha M; MPO = myeloperoxidase; P = patient; PRTN3 = proteinase 3; other abbreviations as [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}.

Co-localization of LDGs with platelets correlate with NCB {#sec2.6}
---------------------------------------------------------

A stark difference in RNA sequencing between LDG and NDG data was the presence of platelet-associated biological pathways upregulated in the LDG samples compared with NDGs ([Figure 4A](#fig4){ref-type="fig"}). Therefore, we investigated the relationship of platelets and LDGs as a potential link to the positive association between LDGs and NCB. From the transcriptome data, we observed a clear upregulation of platelet-specific biological processes in the LDG sample, clustered in pathways that included platelet alpha granules (p = 4 × 10^−5^; FDR = 2 × 10^−3^), platelet activation (p = 2 × 10^−3^; FDR = 3 × 10^−2^), platelet alpha granule lumen (p = 3 × 10^−3^; FDR = 6 × 10^−2^), platelet activation signaling and aggregation (p = 4 × 10^−3^; FDR = 7 × 10^−2^), and platelet degranulation (p = 6 × 10^−3^; FDR = 9 × 10^−2^) ([Figure 4A](#fig4){ref-type="fig"}). These were selected pathways because they were not the most significant from the biological pathways list. To understand neutrophil−platelet interactions, we tested the frequency of neutrophil platelet aggregates and found an upregulation of neutrophil platelet aggregates in psoriasis ([Figure 4B](#fig4){ref-type="fig"}). We then focused on a subset of those genes and determined that CD40 and SELP (platelet-specific receptors that bind to CD40LG and SELPLG on neutrophils), as well as CD40LG and SELPLG were upregulated in LDGs, which suggested increased adhesion between platelets and LDGs ([Figure 4C](#fig4){ref-type="fig"}). We measured CD36 expression because CD36 promoted thrombosis, and we determined that CD36 expression was upregulated on LDGs compared with NDGs ([Figures 4C and 4D](#fig4){ref-type="fig"}) and were also associated with NCB ([Figure 4E](#fig4){ref-type="fig"}). After measuring the percentage of LDGs or NDGs that aggregated with platelets in psoriasis using flow cytometry ([Figure 4F](#fig4){ref-type="fig"}), we determined that the NDG platelet aggregation was highly variable, and there was no difference in the percentage of aggregates compared with LDGs when considering the mean ([Figure 4G](#fig4){ref-type="fig"}). However, the percentage of LDG platelet aggregates had a positive linear association with NCB, and this association was specific to LDGs ([Figure 4H](#fig4){ref-type="fig"}). Scanning electron microscopy images confirmed the presence of platelets that adhered to LDGs, a finding that was not observed in the NDG samples ([Figure 4I](#fig4){ref-type="fig"}).Figure 4Upregulated Genes in LDGs Show Increased Binding to PlateletsRNA sequencing analysis shows an **(A)** upregulation of platelet-specific biological pathways in psoriasis LDGs versus psoriasis NDGs. Significance was established by FDR. **(B)** Neutrophil platelet aggregates were increased in psoriasis patients (n = 12) compared with matched control subjects (n = 10). Data are represented as mean ± SEM. Significance was established by the unpaired Mann-Whitney Student's *t*-test and set at \*p \< 0.05. **(C)** The platelet-specific transcriptomes were upregulated in LDGs compared with NDGs (n = 7). **(D)** The platelet receptor, CD36, was highly upregulated in LDGs, and the FPKM values were associated with **(E)** NCB (n = 7). **(F)** Flow cytometry plots show **(G)** aggregates of NDGs or LDGs with platelets and the percentages of platelets LDG aggregates are **(H)** highly associated with NCB. **(I)** Scanning electron microscopy images of NDGs and LDGs demonstrate platelet LDG aggregates. Scale bar: 10 μm. CD40LG = CD40 ligand; F2R = coagulation factor II thrombin receptor; GP9 = glycoprotein IX platelet; ITGB3 = integrin subunit beta 3; PF4 = platelet factor 4; PPBP = pro-platelet basic protein; SELP = selectin P; SELPLG = selectin P ligand; TREML1 = triggering receptor expressed on myeloid cells like 1; TUBB1 = tubulin beta 1 class VI; other abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}.

Spontaneous NETosis of LDGs is associated with platelet frequency {#sec2.7}
-----------------------------------------------------------------

In addition to our previously described findings, the product of LDGs and platelets in circulation were also correlated with NCB beyond traditional risk factors (β = 0.27; p \< 0.001) ([Figure 5A](#fig5){ref-type="fig"}). This finding was similar to the association between LDGs and NCB ([Figure 2A](#fig2){ref-type="fig"}); however, the association between LDG platelet aggregates and NCB was more robust. Consistent with previous data, this association was attenuated and not significant with the product of NDGs and platelets (β = 0.11; p = 0.12) ([Figure 5B](#fig5){ref-type="fig"}). Lastly, we confirmed that LDGs had increased spontaneous NETosis ([Figures 5C and 5D](#fig5){ref-type="fig"}) and determined that the percentage of LDGs to spontaneously form NETs was associated with the frequency of circulating platelets (β = 0.78; p = 0.022) ([Figure 5E](#fig5){ref-type="fig"}).Figure 5Percentage of LDGs to Spontaneously Form NETs Is Associated With Circulating Platelet Counts**(A)** The product of platelets and LDGs in circulation is associated with NCB; however, **(B)** this relationship is absent with the product of platelets and NDGs. **(C)** LDGs spontaneously form NETs at a **(D)** higher frequency than NDGs (n = 9). Data are represented as mean ± SEM. Significance was established by an unpaired Mann-Whitney Student's *t*-test and set at \*\*\*p \< 0.001. **(E)** The percentage of LDGs (n = 8) to undergo spontaneous NETosis is associated with the frequency of circulating platelets. Abbreviation as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}.

Discussion {#sec3}
==========

We demonstrated the following: 1) an increase in LDG frequency was associated with psoriasis severity and TB, specifically NCB, in psoriasis beyond in vitro traditional risk factors for CVD; 2) the frequency of NDGs, the dominant neutrophil subset, was not associated with TB or NCB; 3) psoriasis LDGs might exert a cytotoxic effect on endothelial cells compared with NDGs, similar to SLE; and 4) the amount of CD36 gene expression, a platelet gene, in LDGs and the percentage of circulating platelet LDG aggregates were associated with early atherosclerotic NCB. These findings suggested that in an inflammatory environment platelets might potentially interact with LDGs and promote vascular damage. These observations suggested that the adherence of LDG to platelets might be an important link between psoriasis skin disease severity and early atherogenesis, as well as represented a potential target for treatment of both diseases in the future.

Neutrophils are critical to the development of psoriasis, and a reduction in circulating neutrophils is accompanied by regression of psoriatic plaque development [@bib38]. Our previous study reported an increased circulating frequency of activated neutrophils, as defined by lower CD62L and CD16 surface expression, in psoriasis patients compared with healthy control subjects [@bib16]. When we focused on biologic-naïve psoriasis patients and the different neutrophil subsets in this study, we determined that CD62L expression on LDGs was significantly lower compared with both healthy control and psoriasis NDGs. We found CD62L expression to be decreased on LDGs compared with NDGs. Although both CD16 and CD62L mark a heightened activation state, only CD62L was reduced on LDGs compared with NDGs in psoriasis. This might, in part, be a result of the formation of LDG platelet aggregates. Neutrophil platelet aggregation in resting neutrophils reduces CD62L expression, and primes neutrophils for adhesion [@bib39]. This might explain why only the LDGs were associated with psoriasis severity and psoriatic comorbidities. In addition, this positive relationship between LDG frequency and psoriasis severity suggested that LDGs might potentially be a clinical target for treating psoriasis.

Neutrophils are increasingly being recognized as significant contributors to the pathogenesis of CVD. Neutrophil frequency was a predictor of coronary events [@bib40], and more recently, this frequency was involved in early atherosclerotic plaque development [@bib41]. To understand if the development of in vivo atherogenesis is related to neutrophils, we leveraged CCTA as a reliable, noninvasive imaging technique to detect atherosclerotic plaque composition in coronary arteries. Comprehensive plaque characterization permitted us to directly assess and correlate TB and NCB with the frequencies of both neutrophil subsets in circulation. Similar to psoriasis severity, we found a positive linear relationship between LDGs and TB in the major coronary arteries, primarily driven by NCB. Furthermore, these activated neutrophils might, in part, be responsible for early damage to both the epidermis and endothelium.

We hypothesized that early plaque formation evidenced by the increase in NCB in psoriasis was potentially related to the cytotoxic effects of LDGs by 2 factors. First, LDG NETs themselves are more cytotoxic than NDG NETs, and second, LDGs form NETs spontaneously; therefore, the amount of circulating NETs in psoriasis was increased due to increased LDGs. NETs are known to play a role in atherosclerotic plaque development independently of autoimmunity; NETs are released from neutrophils in response to cholesterol-crystal priming, and within the atherosclerotic lesion, NETs are localized to cholesterol-rich areas [@bib42]. Impairments in DNA clearance by DNase I were described in autoimmunity and might lead to an enhanced half-life of immunogenic material present in NETs, further exacerbating endothelial damage. When endothelial cells were treated with isolated NETs from LDGs or NDGs, we did not observe an increase in endothelial cell apoptosis from LDG NETs. However, the early stage of apoptosis was elevated by LDG-NET treatment compared with NDG NETs, and there was a significant reduction in live HAoECs. Endothelial cell apoptosis required a cell−cell interaction. Notably, DNase I treatment abrogated the cytotoxic effect of LDGs, which suggested that endothelial cell death was not induced by LDGs independent of NET formation. Studies focused on the effects of NETs showed multiple outcomes. At lower concentrations of NETs normalized to DNA content, NETs that contained fragmented DNA were not as potent at activating human pulmonary artery endothelial cells [@bib43]. However, at significantly higher DNA concentrations, fragmented DNA induced endothelial cell apoptosis to the same extent as intact DNA [@bib44]. In the present study, the NDG and LDG NETs were composed of NET-associated proteins and fragmented DNA. In addition, we normalized the HAoEC treatments to protein content as opposed to DNA concentrations. This might explain the lack of apoptotic HAoECs subsequent to LDG NET treatment.

To understand the enhanced cytotoxicity of LDGs compared with NDGs, we completed RNA sequencing of paired LDGs and NDGs derived from biologic-naïve psoriasis patients with severe, active skin disease and identified a potential mechanistic target driving the spontaneous NETosis of LDGs. First, RNA sequencing data showed that LDGs were activated, which was demonstrated by the differential biological pathways corresponding to leukocyte activation, cell activation, regulation of leukocyte activation, positive regulation of cell activation, and regulation of cell activation. These data are in agreement with the decrease in surface expression of CD62L observed on the LDG surface compared with both healthy and psoriasis NDGs. Second, we determined that P-selectin and P-selectin ligand transcriptomes were upregulated in LDGs compared with NDGs. P-selectin is a platelet-specific receptor that is upregulated on activated platelets and binds to the P-selectin ligand on neutrophils. Concomitantly, CD40 and CD40 ligand were upregulated in the LDG sample. This is of interest because activated platelets are reported to induce NET formation from neutrophils in acute lung injury and sepsis [@bib25], [@bib26], [@bib27]. Furthermore, for the neutrophil inflammatory response to fully ensue, stimulation through the P-selectin ligand is required and drives neutrophil migration [@bib45]. Blockade of P-selectin ligand signaling altered neutrophil migration and protected mice against thromboinflammatory injury [@bib45]. Although it was clear that the interaction of platelets and neutrophils through P-selectin and P-selectin ligand is essential, it was shown that high-mobility group box-1 on platelets directs neutrophils to undergo NETosis [@bib27]. High mobility group box-1 expression increases on the platelet surface upon activation and elicits NET formation through a receptor for advanced glycation end products, a process that is independent of toll-like receptor-4 [@bib27].

We determined that the frequency of LDGs co-localized with platelets had a linear association with early NCB. This observation was further strengthened by a significant association between the fragments per kilobase of transcript per million reads of CD36 in the LDG sample and NCB. The CD36 reads were most likely contributed by platelets co-localized with LDGs because our samples were immunophenotyped by flow cytometry to exclude other cell populations that might express CD36. Combined, our data highlighted a potential role for the LDG−platelet interactions in early atherogenesis. It was possible that the association between the percentage of LDGs to spontaneously form NETs and platelet counts was driven by an increase in activated platelets in psoriasis. Further investigations are required to validate this hypothesis and decipher a biological mechanism by which platelets contribute to NET formation in psoriasis. Recent studies provided insight into which LDGs undergo spontaneous NETosis [@bib46], [@bib47]. Spontaneous NETosis in isolated SLE LDGs occurs within 50 min. This was reported to occur by a mitochondrial reactive oxygen species−dependent mechanism [@bib47]. A similar NETosis timeframe was observed when neutrophils were treated with platelet activating factor. Because the adherence of platelets to LDGs might stimulate the release of platelet activating factor, and the NETosis timeframe seen in our studies was similar, we proposed that platelet activating factor was involved in the mechanism of LDG-dependent NETosis.

This study could be extended to other autoinflammatory pathologies such as SLE. In SLE patients, activated platelets enhance the interferon response, and platelet depletion in an SLE murine model significantly improved disease measures and survival [@bib48].

Study limitations {#sec3.1}
-----------------

There were important limitations to our study. This was an observational study; therefore, it was subjected to potential for confounders and needs experimental follow-up. We also acknowledged that our control group was not adequately matched to our psoriasis group, which was a limitation. Thus, our results should be interpreted with caution. Our plaque characterization and quantification by CCTA was used as a surrogate marker for atherosclerosis, although intravascular ultrasound would be the gold standard to prove these findings [@bib49]. In vitro characterization studies are lacking and will be conducted to determine potential drivers of neutrophil platelet aggregation. The RNA sequencing should be followed up with validation studies of protein content and include control samples to determine if LDGs from healthy control subjects have a similar RNA signature compared with psoriasis LDGs. In addition, future studies using single cell RNA sequencing to better characterize our findings and validation studies should be conducted.

Conclusions {#sec4}
===========

We demonstrated that LDG frequency is elevated in psoriasis and is related to skin disease severity and NCB. Our in vitro studies showed that psoriasis LDGs were cytotoxic to the endothelium following direct contact. This study identified the interactions between LDGs and platelets as a mechanistic focus of future studies to determine how spontaneous NETosis of LDGs might be partly dependent upon platelets. Furthermore, this LDG−platelet interaction might provide a potential therapeutic target in the future to reduce atherosclerosis in psoriasis.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** Neutrophils have been shown to play an important role in the development early-onset atherogenesis, especially in inflammatory disease states. In addition, a distinct subset of neutrophils termed LDGs are shown to be associated with cardiovascular disease in chronic inflammatory diseases. Finally, the inter-relationship of LDG, platelets, and CCTA-derived early NCB highlights the potential role of LDG−platelet interaction as a driver in chronic inflammatory disease−associated atherosclerosis.**TRANSLATIONAL OUTLOOK 1:** Studies in vitro should focus on the effect of antiplatelet therapy on neutrophil−platelet aggregate interactions.**TRANSLATIONAL OUTLOOK 2:** Studies in vivo should deplete platelets in pre-clinical models to understand if neutrophil platelet aggregates and atherosclerosis are reduced.
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========

Supplemental Data

The authors would also like to thank the National Heart, Lung, and Blood Institute Electron Microscopy Core for their contribution to the scanning electron microscopy images.

[^1]: Values are mean ± SD, n (%), or median (interquartile range).

[^2]: The p values were calculated by using an unpaired Student's *t*-test or Mann-Whitney U test for continuous variables and Pearson's chi-square test for categorical variables. Significance set at

[^3]: CT = computed tomography.

[^4]: p \< 0.05.

[^5]: p \< 0.01, and

[^6]: p \< 0.001.
